[1] We evaluate the response of the high-latitude Joule heating to orientation and magnitude of the interplanetary magnetic field (IMF). Approximately 9000 individual Joule heating patterns derived from data assimilation for the northern hemisphere were used to develop averaged and hemispherically integrated Joule power maps for the northern hemisphere north of 40°magnetic latitude. Hemispherically integrated Joule heating increases with IMF magnitude when the IMF is southward, but is relatively unchanged with increased IMF magnitude when the IMF is north. Only a small IMF B y effect is evident in the Joule heating patterns. We quantify the IMF effects with linear fits of integrated Joule heating as a function of IMF magnitude for eight different IMF clock angle bins in the GSM Y-Z plane. During extreme northward IMF conditions, Joule heating is restricted to the high latitude dayside. During extreme southward IMF conditions, Joule heating is located predominantly in the auroral region, with increased heating in the morning sector compared to the evening sector. This additional heating may lead to the increased incidence of gravity waves reported in the morning sector. Our estimate of the increase of hemispherically integrated Joule heating with IMF magnitude during southward IMF periods is 13GW/nT.
Introduction
[2] Joule heating is one of the three important energy inputs into the Earth's ionosphere along with extreme ultraviolet radiation and charged particle precipitation. Electrodynamic coupling of the magnetosphere and ionosphere is mainly through the interactions of the threedimensional current system and the associated electric fields. The energy input due to Joule heating is the manifestation of the ohmic interaction of the ionospheric part of these currents and the electric field. During active geomagnetic periods the Joule heating can be as large as 50% of the total energy input into the ionosphere [Knipp et al., 2004] . Even during less active periods, Joule heating still exhibits the most variability in the ionospheric energy budget [Knipp et al., 2004] .
[3] Understanding how ionospheric Joule heating responds to changes in the interplanetary magnetic field (IMF) is important to understanding the basic coupling mechanisms between the magnetosphere and the ionosphere. This understanding is in turn fundamental to quantifying space weather effects such as atmospheric drag on low earth-orbiting satellites and high-latitude ionospheric scintillation on technological systems. The goal of this study is to parameterize the height-integrated ionospheric Joule heating at high-latitudes as a function of IMF magnitude for eight different IMF orientations.
[4] To develop average and standard deviation Joule heating patterns, we assembled data from many Assimilative Mapping of Ionospheric Electrodynamics (AMIE) event studies into a large database. The AMIE procedure is described by Richmond and Kamide [1988] . Briefly, the procedure assimilates a diverse set of ground-and spacebased observations in a least-squares sense onto a spatial grid covering magnetic latitudes above 40°. In locations where data do not exist, the procedure reverts to climatology. The AMIE procedure produces maps of the relevant electrodynamic quantities. Among these are maps of Joule heating. These maps serve as the basis for our work. All Joule heating data for this study were obtained from the northern hemisphere only.
[5] This database contains over 15,000 individual patterns derived from over 50 days of high-time resolution observations. Table 1 of Chun et al. [2002] shows the intervals contained within the database, along with a brief description of the type of event (i.e., high speed stream, coronal mass ejection or slow flow). As they discuss, this database gives a representative coverage of all the major flow types found within the solar wind.
Data and Analysis
[6] Approximately 9000 of the individual Joule heating patterns have associated IMF measurements (appropriately shifted to the arrival time at the magnetosphere). These patterns were used to establish the Joule heating response to IMF variations. The left panel of Figure 1 shows the distribution of these data in the GSM Y-Z plane. The patterns have a reasonably isotropic distribution in the IMF Y-Z plane. Superimposed on the IMF data are eight equally spaced angle bins used in this analysis. Overlaying the data are concentric rings representing constant IMF magnitude. These magnitudes have been selected so that each ring contains equal numbers of points. The right panel of Figure 1 shows the cumulative distribution of IMF data as a function of IMF magnitude in the Y-Z plane. For this paper we use the transverse components only of the magnetic field to determine IMF magnitude:
. The 50% level is at a magnitude of approximately 5 nT. The octiles shown as concentric rings in the left panel of Figure 1 are also shown as vertical lines in the right panel of Figure 1 . Included in the distribution are patterns derived during periods of low, moderate, and high geomagnetic activity.
[7] Each data point in Figure 1 has an associated spatially distributed Joule heating pattern represented by a twodimensional 24 Â 24 matrix. The matrix grid size is 2°in magnetic latitude (mlat) by one hour magnetic local time (MLT). The height-integrated Joule heating (with units of W/m 2 ) is calculated by JH = S p E 2 , where S p is the Pedersen conductance, and E is the magnitude of the electric field in the rotating frame of the earth for each bin. Joule heating usually maximizes around 120 km where the Pedersen conductivity peaks [Richmond et al., 1976] . The AMIE-derived Pedersen conductance estimates combined effects of both solar and auroral particle ionization.
[8] The AMIE algorithm does not directly include the effects of neutral wind, so the neutral wind dynamo is not explicitly included in the electrodynamic calculations for the magnitude of the electric field [Richmond and Thayer, 2000] . Including the neutral wind can change the Joule heating by 10 -30% in the dawn, dusk and polar cap [Thayer et al., 1995] ; with localized reductions up to 40%, and enhancements of up to 400% during intervals when the neutral winds are steady [Thayer, 1998 ]. In a twoday study period Lu et al. [1995] , using the AMIE procedure in combination with the thermosphere-ionosphere general circulation model (TIGCM), found the neutral winds reduced the Joule heating by 28%. The AMIE algorithm also neglects heating due to electric fields with scale sizes less than about p times the grid size [Matsuo et al., 2003] . Codrescu et al. [2000] show that these small scale variations contribute roughly the same amount as the average electric field to the ionospheric Joule heating. For this study these smallest scale sizes are 500 km.
[9] Figure 2 shows the dramatic difference in hemispherically integrated Joule heating between IMF north (+B z ) and south (ÀB z ) conditions. In the left column of Figure 2 we present all events within ±22. northward IMF (+B z ), there is little increase in integrated Joule heating with increased IMF magnitude, and there is less scatter in the data.
[10] To better quantify these differences we created bins of IMF magnitude consistent with the octiles in Figure 1 . We then analyzed the statistical distribution of values within each IMF magnitude bin. The results are shown in the right column of Figure 2 . The horizontal position of these binned data is taken from the centers of the octiles described in Figure 1 . The right column of panels in Figure 2 shows only the median value of the integrated Joule heating centered in each IMF magnitude bin, along with the 15th and 85th percentiles of the Joule heating within that bin. The distribution of integrated Joule heating values within each bin is frequently non-Gaussian, as indicated by the nonsymmetric nature of the error bars with respect to the median values. Because of this non-Gaussian distribution, we chose to report the median and 15-85th percentiles rather than the mean and standard deviations associated with each bin.
[11] Binning the data in this manner allows us to determine a linear fit between the Joule heating and IMF magnitude for each IMF clock angle. While there is no a Figure 2 shows the results of binning the data by IMF magnitude. The median of the Joule heating data within each bin is shown at the center of the bin, along with the 15th and 85th percentiles of the Joule heating found in that bin. Linear fits of the Joule heating to the binned data are shown as solid lines in the right panels, along with the fit coefficients and uncertainties above the fits. Note that during periods of northward IMF there is very little response to changes in the IMF magnitude, while periods of southward IMF exhibit a generally linear increase in Joule heating with IMF magnitude. priori reason to choose a linear fit, the data seem consistent with this simple relation. These linear fits were obtained by using only the median Joule heating values at the centers of the bins. For each median value we establish a symmetric variance of s i = (85th percentile À 15th percentile)/2. We do this for two reasons. First, it allows us to determine a weighted linear fit between the Joule heating and IMF magnitude. Second, it allows us to determine the variance in the fitted coefficients using the method of Press et al. [1990] .
[12] Shown in the right column of Figure 2 are the fit coefficients with the slope in GW/nT, and the intercept in GW. The associated variance in each fit coefficient is shown in parentheses. The linear correlation coefficient calculated for the entire set of IMF magnitudes and Joule heating data is shown in the right hand column of Figure 2 as r data . In addition the linear correlation coefficient between the center values of the eight IMF magnitude and the median values of the Joule heating is shown in the right column as r fit . In all cases r fit is substantially larger than r data since the Joule heating values used in computing the correlation coefficient tend to lie more along a line for the median values in r fit . This means that the fit using the IMF magnitude may predict the mean value of the Joule heating reasonably well, but is essentially useless in predicting individual values.
[13] The trends in the fitted data match that of the individual data shown in the left column of Figure 2 . These trends indicate that using the binned data with symmetric error bars to establish the fit coefficients is reasonable, based on the data at hand.
[14] Figure 3 shows the results of a similar analysis for eight IMF clock angle bins. The three subpanels with IMF (+B z ) show a slope of less than 2 GW/nT, with the predominately northward IMF (+B z ) subpanel having the smallest slope of 0.63 ± 0.7 GW/nT. In marked contrast the three subpanels with IMF (ÀB z ) have slopes between 7.7 and 13 GW/nT, with the southward IMF (ÀB z ) group having the largest slope of 13.1 ± 4.9 GW/nT. This indicates that the ionospheric Joule heating is tied to the increased convection electric fields and particle-enhanced conductivity associated with IMF (ÀB z ) conditions. Note the increased spread in the 15th and 85th percentiles for the IMF southward sectors.
[15] The second trend evident in Figure 3 is the similarity in the intercepts of the linear fits to Joule heating. This low level background of heating is consistent with a constant background of activity irrespective of the IMF orientation.
[16] The spatial distributions of Joule heating versus IMF with jB trans j > 13.9 nT are shown in Figure 4 . Each element of Figure 4 contains a magnetic latitude-local time plot showing the northern hemisphere from 40°magnetic latitude to the pole. Magnetic local times are shown, with magnetic midnight at 00, dawn at 06, noon at 12, and dusk at 18. Each subpanel contains the average of all events within each of the eight angle bins shown in Figure 2 and having IMF magnitude greater than 13.9 nT. The integrated Joule heating patterns for the northern hemisphere are shown above each subpanel, along with the total number of individual patterns contained within the average (in parentheses). All Joule heating patterns are shown on a common intensity scale with 30 contours spaced evenly between 0.0 -.05 W/m 2 .
[17] Figure 4 shows a significant difference in the statistical response of Joule heating between IMF +B z and ÀB z conditions. During +B z conditions most of the heating is in the high-latitude dayside portion of the ionosphere, with little heating around the auroral oval. The hemispherically integrated Joule heating is relatively small, typically 30-75 GW. Such high-latitude dayside heating was reported 2 ) in the northern ionosphere as a function of IMF clock angle during periods of jBj > 13.9 nT. One dial plot is shown for each of the 8 clock angle bins described in Figures 1 and 2 . In each dial plot the Joule heating is shown from 50°to the pole in magnetic latitude and local time coordinates. Magnetic midnight is at 00 hours on the clock dial, dawn at 06, magnetic noon at 12, and dusk at 18 hours. Above each dial plot is a number in parenthesis which denotes the number of patterns used in this clock angle and IMF magnitude bin to make the average shown in the dial plot. The integrated Joule heating across the polar cap for the average is shown in Giga Watts. Note that GSM +B y is to the right, and GSM +B z is up in the clock angle plots. IMF B z north (the top row) shows most of the Joule heating constrained to the high latitude dayside cusp region. During periods of IMF B z , south (the bottom row) heating is increased around the auroral oval, with more heating on the dawn side.
by Chun et al. [2002] during intervals of negative polar cap index (PCI). The two IMF +B y and ÀB y subpanels show slightly increased heating with the heating spread uniformly around the auroral oval. The ÀB z orientations reveal increased heating around the oval, with all three B y subpanels showing an increase in heating between approximately midnight and 06 MLT and between 60°and 70°m agnetic latitude. The +B y À B z (lower right) subpanel also shows increased heating in the afternoon region between 14-17 MLT in the auroral latitudes. The integrated Joule heating values rise during -B z conditions to over 200 GW, consistent with the data shown in Figure 3 .
[18] Figure 5 shows the evolution of Joule heating with IMF magnitude for the northward IMF (+B z ) and southward (ÀB z ) orientations. The top row in Figure 5 shows the northward IMF (+B z ) Joule heating as a function of IMF magnitude, while the bottom row shows the Joule heating for the same magnitudes for southward IMF (ÀB z ) conditions. The elements on the right of Figure 5 are the same as the north and south IMF subpanels shown in Figure 4 , and they have the same intensity scale.
[19] The top row of Figure 5 , from left to right, shows that the Joule heating during IMF (+B z ) conditions evolves in both configuration and magnitude. Very little heating is present when the IMF magnitude is small. Stronger IMF (+B z ) conditions produce heating around a presumed highlatitude auroral oval at approximately 70°which expands equatorward to approximately 65°with additional forcing. Under very strong IMF (+B z ) forcing there is increased heating on the dayside as previously discussed. In contrast, the bottom row of Figure 5 shows Joule expanding equatorward with increased IMF (ÀB z ) magnitude. Under the strongest forcing, the majority of the heating is at approximately 60°mlat, with the pronounced dawn/dusk asymmetry noted in Figure 4 .
Discussion and Conclusions
[20] Foster et al. [1983] created the first global Joule heating estimates by combining AE-C satellite electric-field drift meter data with particle and solar conductance estimates. They showed increased heating in the cleft, dusk, and dawn regions, which are similar with our results shown in Figures 3 and 4 .
[21] Rich et al. [1987] estimated Joule heating using data collected from the polar orbiting DMSP/F7 satellite. Using a statistical database of 7 days (90 orbits), Rich et al. [1987] found the height integrated Joule heating in the auroral premidnight auroral zone was a few milli-watts per square meter, in good agreement with our data. Additionally Rich et al. [1987] also show a marked increase in Joule heating on the high latitude dayside southern hemisphere iono- sphere. This increased Joule heating is consistent with our data for IMF northward conditions shown in our Figure 4 .
[22] Chun et al. [2002] reported increased Joule heating on the high-latitude dayside during periods when PCI was negative. Our study clearly shows this enhanced dayside heating during intervals of +B z values (Figure 4 ) and supports the Chun et al. [2002] contention that this heating is indicative of lobe reconnection. They also reported that the high-latitude heating was due mainly to enhancements of the high-latitude dayside electric field rather than conductivity increases.
[23] Matsuo et al.
[2003] used measurements of plasma drifts from the Dynamics Explorer (DE) 2 satellite to estimate the electric field and electric field variability in magnetic latitude and MLT bins as a function of IMF parameters. They found the polar average of the root mean square (RMS) electric field increased by a factor of two during IMF (ÀB z ) conditions when the IMF transverse magnetic field amplitude jB trans j rose from jB trans j < 4 nT to jB trans j > 7 nT. Our estimate of a linear rise in the hemispherically integrated Joule heating of 13 GW/nT (see Figure 3 ) is consistent with their reports of increasing RMS electric field in the polar cap. We would expect the Joule heating to increase as jEj 2 if the conductance stays constant.
[24] During southward IMF (ÀB z ) conditions, Matsuo et al. [2003] found a maximum in the RMS of the electric field magnitude at 72°mlat and 06 MLT. Figure 4 shows that with strongly forced IMF (ÀB z j > 13.6 nT) conditions, a maximum in the Joule heating occurs at approximately 65°a nd 03-04 MLT. For periods with 6.4 < jB trans j < 8.9 nT, we find a maximum in the Joule heating pattern at approximately the same latitude and local time as the maximum in the RMS electric field reported by Matsuo et al. [2003] (see our Figure 5 ). For northward IMF, Matsuo et al. [2003] found a maximum in the RMS electric field on the highlatitude dayside at 81°mlat and 12 MLT. Figure 5 shows a maximum in the Joule heating at the same location for 6.4 < jB trans j < 8.9 nT. This maximum in the high-latitude dayside Joule heating during IMF (+B z ) conditions increases with increasing B trans .
[25] Matsuo et al. [2003] found that the maximum on the high-latitude dayside RMS electric field was dominated by small-scale electric field variability. This suggests the highlatitude dayside Joule heating during northward IMF (+B z ) may be due to the variable electrodynamic conditions routinely observed inside the cusp in both ground-based magnetometer, radar and satellite-based electric field measurements [McHarg et al., 1995; Ables et al., 1998; Baker et al., 1990 Baker et al., , 1995 André et al., 2000 André et al., , 1988 Maynard et al., 1991; André et al., 1990] .
[26] During periods with ÀB z orientation, Joule heating is more prevalent around the nightside auroral oval. The bottom row of Figure 5 also shows a general increase in Joule heating with increased IMF magnitude. These results are consistent with Weimer [2001] , who shows increased electric field strength around the auroral oval during periods with IMF ÀB z . We show stronger heating in the morning sector compared to the premidnight sector of the auroral oval during periods of large IMF magnitude.
[27] The distinct asymmetry between the premidnight and postmidnight side Joule heating is a consistent feature in our data base. The early morning sector is very dynamic in terms of particle precipitation and electric field variability. Both of these factors may give rise to additional heating in the postmidnight-to-dawn sector. It is also possible that the enhanced Joule heating in this region is an artifact of the sparcity of satellite sampling. The current fleet of lowearth orbiting satellites do not sample this area. The AMIE procedure heavily relies on ground magnetometer data for estimates of electric field and conductivity in the 00 UT -06 UT region.
[28] To investigate this possibility we compared the results of AMIE patterns derived using all inputs versus those found when using ground based magnetometers only. Figure 6 shows the comparison of the two AMIE patterns the time period 15 May 1997, 11:10 UT as a representative test case during strong Southward IMF conditions. The left panel shows the AMIE pattern from our database which includes satellite, radar and ground-based magnetometer input. The right panel of Figure 6 shows the same pattern derived using ground based magnetometers only. Detailed comparisons between the two data sets is beyond the scope of this paper, but while differences in the patterns are observable, both reveal the same strong asymmetry between the premidnight and postmidnight side of the auroral oval.
[29] Examination of electrodynamic patterns (not shown here) reveal this premidnight/postmidnight asymmetry in Joule heating is due mainly to the Pedersen conductance, and due less to the electric field. The increased Pedersen conductance in the postmidnight sector is in turn due to an increased energy flux of incoming auroral electrons in the postmidnight sector. Hardy et al. [1985] show a similar asymmetric auroral particle energy flux (postmidnight enhancement) during periods with Kp > 6À. Fuller-Rowell and Evans [1987] do not show this asymmetry in the auroral energy flux when the hemispherical power input due to particles is 61-91 GW. Measurements by Shue et al. [2001] reveal a very similar strong asymmetry of the auroral brightness in the Lyman-Birge-Hopfield (LBH) long bands of the N 2 emission spectra in the ultraviolet portion of the spectrum during periods of strongly southward IMF. Since LBH long emission is approximately proportional to the total precipitating electron energy flux [Germany et al., 1994] , we believe the measurements of Shue et al. [2001] are in substantial agreement with our proposition that an increased electron energy flux in the postmidnight hours during strongly southward IMF conditions causes a strongly asymmetric Joule heating pattern.
[30] One result of Joule heating in the ionosphere is production of gravity waves in the neutral atmosphere [Richmond, 1978; Roble et al., 1978] . Observations from the DE-2 satellite showed greatly increased vertical neutral winds in the dawn sector when the Auroral Electrojet index was greater than 500 nT (see Figure 8 of Innis and Conde [2002] ). They interpret their measurements as possible evidence of polar cap gravity waves with a source in the midnight-dawn auroral oval. We believe the enhanced Joule heating during periods of strong IMF forcing, as shown in Figure 4 , may be a source of these polar cap gravity waves. In addition to gravity waves, auroral infrasonic waves have an increased probability of occurrence around 06 MLT, and such waves are commonly associated with intense particle precipitation and Joule heating in the electrojets [Wilson, 1969; Wilson et al., 1976] .
[31] In summary we find the hemispherically integrated Joule heating is strongly dominated by IMF polarity. The relationship between integrated Joule heating and IMF magnitude for eight different clock angles is summarized in Table 1 . In this table the clock angle is positive measured clockwise from the positive Z axis. The variances for the slope/intercept are provided in parenthesis after each fit parameter. The units for the slope and intercept are GW/nT and GW, respectively.
[32] Spatially dependent Joule heating during northward IMF is confined to the high-latitude dayside when the IMF magnitude is greater than 13.9 nT. When the IMF is southward, most of the Joule heating is constrained to the auroral oval, with increased heating during periods of increased IMF magnitude. During periods of increased IMF magnitude, there is a preference for heating in the postmidnight sector of the oval compared to the premidnight sector. 
